An experimental technique of x-ray fluorescence holography for investigating valence-selective local structures was established by employing the incident x-ray energy at a characteristic one near an x-ray absorption edge, and it was adopted to discriminate environments around Yb 2+ and Yb
An experimental technique of x-ray fluorescence holography for investigating valence-selective local structures was established by employing the incident x-ray energy at a characteristic one near an x-ray absorption edge, and it was adopted to discriminate environments around Yb 2+ and Yb
3+
ions in a YbInCu4 valence transition material below and above the transition temperature of 42 K. The reconstructed images of the neighboring atoms around Yb 3+ show a f cc structure as observed by diffraction experiments, whereas those around Yb 2+ have curious cross (+) features, indicating a positional shift of the centered Yb 2+ ions from the f cc lattice point.
An abrupt change was reported by Felner and Nowik [1] in 1986 in the temperature (T ) dependence of magnetic susceptibility of Yb x In 1−x Cu 2 (x ∼ 0.3 − 0.6). A simple valence-fluctuation model was proposed, by which a first-order Yb 3+ to Yb 2+ phase transition was predicted with simply decreasing T . These compounds exhibit the sharpest T -dependent valence phase transition in any metallic systems.
Subsequent to this finding, Felner et al. [2] exhibited several physical properties on this transition in mainly Yb 0. 4 In 0.6 Cu 2 alloy. An x-ray diffraction (XRD) experiment reveals a cubic Laves structure with the space group of F d3m at all the temperatures from 300 to 4.2 K with a sudden increase in the unit cell size by about 0.15% at 60-40 K (T v at x = 0.4). A neutron diffraction measurement proves the absence of magnetic order. An 170 Yb Mössbauer study shows that the Yb ion is magnetic beyond T v at 60 K, whereas it is non-magnetic below T v at 4.2 K. An electrical resistivity exhibits a large decrease by about 25% from 60 to 40 K. A specific-heat measurement reveals a characteristic increase around T v . Finally, An x-ray absorption near edge structure (XANES) study at the Yb L III edge shows a change in the 4f -electron occupancy at T v , and it was found that the valences of 2.9 and 2.8 above and below T v , respectively, are independent of T in these temperature regions. In addition, substitution, pressure, and magnetic-field dependences of the valence phase transition were investigated by the same group in detail [3, 4] .
Then, the interests have moved to YbInCu 4 (x = 0.5) because the sample of x = 0.4 is primarily in two phases of YbInCu 4 and InCu 2 , which was found by Kojima et al. [5] using an electron-probe micro-analysis observation. They measured XRD and found the cubic C15b crystal type with the space group of F43m, in which Yb and In ions are ordered in a f cc site. The resistivity of a well-annealed sample shows a sudden change around 40-45 K, which is narrower than the previous work for Yb 0. 4 In 0.6 Cu 2 [2] . Their magnetic susceptibility and 115 In Knight shift results showed a sharp valence phase transition occurs at T v = 40 K and Yb ions are in the valence fluctuating state below T v . The structure was refined by powder neutron diffraction (ND) data [6] , and the lattice constant shows an abrupt change of 0.15% as was the previous study [2] at T v = 40 K without any change in the crystal symmetry.
Physical properties on a single crystal YbInCu 4 were measured by Kindler et al. [7] . Mostly same values as the polycrystalline ones were obtained in the above parameters although T v is a higher value of 66.9 K. Owing to the single crystal sample, elastic constants can be measured in different directions, and a pronounced softening of the bulk modulus and an anomalous decrease in the Poisson ratio occur in the vicinity of T v . Detailed comparisons of the structures of single and polycrystalline samples were carried out using neutron diffraction [8] , and the sharpest single transition was found in the single crystal near 40 K. They also concluded that the neutron diffraction patterns measured above and below T v are identical to be C15b crystal type, and the increases of T v and gradual transitions are originated from a site-disorder between the Yb and In atoms. A similar argument was performed on a site-disorder between the In and Cu atoms by XRD using the k dependence of x-ray atomic form factors [9] .
Concerning the 4f -electron occupancy across T v , the XANES analysis gave a small change of 2.98 → 2.85 [10] . However, a bulk-sensitive hard x-ray electronic study of Yb 3d core-level and valence band photoemission measurements reveals a quite large change of 2.90 → 2.74 [11] . The valency change was also observed by Yamaoka et al. [12] using bulk-sensitive methods of high-resolution x-ray absorption spectroscopy with partial fluorescence yields mode and resonant x-ray scattering spectroscopy at the Yb L III absorption edge, and a change of approximately 2.94 → 2.80 was reported. Thus, a valence change of ∼ 0.15 is the consensus value for the valence transition, which causes large changes in physical properties as mentioned above. The charge transfer at T v was suggested to be between the Cu-derived conduction band and the Yb 4f states by Cu 2p 3/2 soft x-ray absorption spectroscopy by Utsumi et al. [13] .
The atomic radius of Yb 2+ is larger than that of Yb
by about 17% even depending on the coordination numbers around the Yb ions [14] . So, the increase of the averaged atomic radii of Yb ions can be estimate to be ∼ 2.5% on the valence transition, which is extremely larger than the increase of the lattice constants of ∼ 0.15% at T v . Thus, the Yb 2+ ions with the large atomic size should highly squeeze into a rigid crystal lattice below T v , and large lattice distortions are expected around the Yb 2+ ions.
A detailed XRD measurement using synchrotron radiation (SR) revealed an increase in the inter-Cu 4 -tetrahedron below T v by about 0.2% together with small increases of Yb-Cu and In-Cu distances, while intra Cu-Cu distance in the tetrahedron remains mostly unchanged [15] . It would be an indirect structural effect for the change of Yb valency. Very recently, Tsutsui et al. found a small splitting of Bragg peaks in high-order reflections by a high-energy XRD experiment below T − v, and concluded that a structural change occurs from a cubic to a tetragonal phase at T v [16] , which contradicts the previous conclusions of unchanged crystal type [2, [5] [6] [7] [8] [9] 15] .
For the further structural investigation on the valence transition material, valence-selective method is essential. However, XRD has a small difference with valence, i.e., atomic form factors are slightly different owing to the electron numbers, and ND has no difference. X-ray absorption fine structure (XAFS) data shows an overlap of oscillations with different valencies with energy shifts. Therefore, a reliable valence-selective methods is highly required for evaluating the structural information on different valencies in YbInCu 4 .
For this, we propose valence-selective x-ray fluorescence holography (XFH), which recently applied to Y oxide thin film [17] in which the valence is different between the surface and bulk, and to an Fe 3 O 4 mixed valence material [18] . XFH is a method for atom-resolved structural characterizations, and enables to draw three-dimensional (3D) atomic images around a specific element emitting fluorescent x-rays [19, 20] . When the incident x-rays have an energy higher than an absorption edge of an element, the target atom emits fluorescent x-rays. In addition, xrays scattered by surrounding atoms also reach the target atom. The direct incident waves (reference wave) and the scattered waves (object wave) interfere each other, and the intensity of fluorescent x-rays is proportional to the interfered x-ray intensity. Thus, the fluorescent xrays give a modulation of some 0.1% with the incident x-ray angles with respect to the crystal axes of the sample, which is referred as a hologram. Then, the 3D images of the neighboring atoms can, in principle, be reconstructed via simple Fourier transform-like approach with no special atomic models. Thus, XFH can observe local atomic arrangements in the short and intermediate ranges around the target atoms emitting fluorescent x-rays.
The important attempt for XFH to comprise the valence-selective character is to employ the incident xray energy, E 0 , at an energy specific to a valence near the XANES region. Figure 1 shows Yb L III XANES spectra of YbInCu 4 used for the present study at 7 and 300 K measured in fluorescence mode, the feature of which is in very good agreement with the previous results [2] on Yb 0.4 In 0.6 Cu 2 . At 7K, a shoulder is observed at about 8.939 keV, which is characteristic to the Yb 2+ . When E 0 are employed at this energy, Yb 2p 3/2 electrons in only Yb 2+ ions excite and emit the fluorescent x-rays, and those in Yb 3+ ions do not. Thus, the obtained hologram at this energy composes valence-selective structural information around mainly Yb 2+ ions. A single crystal YbInCu 4 was grown by a flux growth method. Constituent elements with stoichiometric ratios in InCu flux were put in an alumina crucible and sealed in an evacuated quartz ampoule. The sample was then heated to 1100
• C and cooled slowly down to 800 • C. After keeping at 800
• C for 20 h, the flux was removed. The crystal was cleaved so as to have a flat (001) surface with an area larger than 1 × 1 mm 2 . The crystallinity of the sample was examined by taking a Laue photograph, and the concentration and homogeneity over the sample were confirmed within the experimental errors by an electronprobe microanalysis.
Yb Lα XFH measurements were carried out at 7 and 300 K using a cryostat designed solely for XFH experiments (Pretech Co. Ltd., Type XFME-RR4K) at BL39XU of the SPring-8, Sayo, Japan. The sample was placed on a rotatable table in the cryostat head part.
The incident x-rays were focused with a size of 0.3 × 0.3 mm 2 on the (001) surface of the sample. The measurement was performed in inverse mode [20] by changing the azimuthal angle 0
• ≤ φ ≤ 360
• in steps of ∼ 0.35
• of the cryostat head and the incident angle 0
• ≤ φ ≤ 75
• in steps of 1
• of the whole cryostat. The Yb Lα fluorescent x-rays with an energy of 7.414 keV were collected using an avalanche photodiode detector via a cylindrical graphite crystal energy-analyzer. The XFH signals were recorded at E 0 of 8.939 and 8.947 keV as indicated by arrows in Fig. 1 .
The holographic oscillation data were obtained by subtracting the backgrounds from the fluorescent x-ray intensities and normalized them with the incident x-ray intensities measured with an ion chamber. Extensions of the holographic data were carried out using the measured x-ray standing wave lines in the hologram. Since the holograms are obtained at a single energy in the present study, a usual Fourier transform-like analysis produces unphysical twin and false images owing to too less input experimental data for the requested unknown atomic configurations. Thus, we employed a sophisticated analysis of a "scattering pattern matrix extraction algorithm using an L 1 regularized linear regression" (SPEA-L1) by Matsushita [21] , which is based on inverse problem and represents a sparse modeling approach to the experimental holographic data.
The holographic oscillation χ(k) is given as,
where g(r) is the atomic distribution function and f (θ r,k ) is the atomic form factor at an angle between r and k, θ r,k . when voxels are introduced for describing g(r), Eq. (1) is modified as,
where i and j are the numbers of the voxels and pixel of the holograms, respectively. Since g(r i ) is sparse in real space, a L 1 -regularized regression is applicable. To obtain g(r i ), its evaluation function is given by,
whereχ(k j ) is the experimental hologram and λ is a penalty parameter. For the present analysis, the voxel size was set to be 0.01 nm cubic in the total range of ±0.6 nm for each direction from the central Yb atoms. Figure 2 (a) shows 3D atomic images measured at 300 K and E 0 = 8.947 keV, where mainly Yb 3+ ions emit fluorescent x-rays. The threshold value is set at 20% of the maximum intensity in (c). For the reference, the crystal structure is given in (b), where large, middle, and small balls indicate Yb, In, and Cu atoms, respectively. At a glance, only the first-neighboring Yb atoms are observed.
Figure 2(c) shows 3D images measured at 7 K with the same E 0 value, where both the Yb 3+ and Yb 2+ ions are excited. As clearly seen in the figure, only the Yb ions are observed due probably to the large electron numbers of Yb rather than other elements, and hereafter only the Yb ions will be discussed. Interestingly, second-and third-neighboring Yb atoms become clear with decreasing temperature, while the first-neighboring Yb images are hardly seen. Such a feature was frequently seen in XFH results of impurity doping [22, 23] , which originates from positional fluctuations caused by unusual atoms such as impurities or Yb 2+ atoms. Since the ratio of the Yb 2+ was determined by various methods to be 0.15-0.26 [10] [11] [12] , atomic arrangements around the pure Yb 3+ ions can be estimated by assuming that 20% of (b) is contributed by (c), and the obtained pure Yb 3+ atomic images are shown in Fig. 3(d) . Since the fraction of the Yb 2+ is not large, (d) is very similar to (b), and the error in the Yb 3+ fraction affect the estimated result very slightly. Thus, it is concluded that valence-selective XFH experiment provides a clear difference in local atomic arrangements, i.e., the reconstructed images around Yb 3+ show a clear f cc structure as observed by diffraction experiments, whereas those around Yb 2+ have curious cross features.
Based on the experimental results, a structural model is proposed around the Yb 2+ ions as shown in Fig. 4 . Since the ionic radius of Yb 2+ is larger than that of Yb
by about 17% [14] while the increase in the lattice constant is only about 0.15% [6] , the Yb 2+ ions may hardly stay at the lattice positions. The shifts cause by avoiding the first-neighboring Tb atoms, i.e., 100 , 010 , or 001 direction, as shown in the shifted balls of the figure, which causes curious hexagonal-cross atomic images for the second-and third-neighboring Yb atoms. By moving the central Yb 2+ ion, this atom pushes the firstneighboring atoms towards the same directions to avoid the second-and third-neighboring atoms as indicated by the arrows in the figure. Therefore, the positional fluctuations of the first-neighboring atoms are very large.
In summary, a valence-selective XFH experiment was applied to a YbInCu 4 valence transition material to investigate the local atomic arrangements around the Yb
2+
and Yb 3+ ions in this material. A large difference was observed, indicating an excellent feasibility for obtaining the valence-selective structural information, which is not easy by usual diffraction and XAFS measurements.
